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Yarrowia lipolyticaduced liquid bead ion desorption (LILBID) mass spectrometry to determine the
total mass and to study the subunit composition of respiratory chain complex I from Yarrowia lipolytica.
Using 5–10 pmol of puriﬁed complex I, we could assign all 40 known subunits of this membrane bound
multiprotein complex to peaks in LILBID subunit ﬁngerprint spectra by comparing predicted protein masses
to observed ion masses. Notably, even the highly hydrophobic subunits encoded by the mitochondrial
genome were easily detectable. Moreover, the LILBID approach allowed us to spot and correct several errors
in the genome-derived protein sequences of complex I subunits. Typically, the masses of the individual
subunits as determined by LILBID mass spectrometry were within 100 Da of the predicted values. For the ﬁrst
time, we demonstrate that LILBID spectrometry can be successfully applied to a complex I band eluted from a
blue-native polyacrylamide gel, making small amounts of large multiprotein complexes accessible for
subunit mass ﬁngerprint analysis even if they are membrane bound. Thus, the LILBID subunit mass
ﬁngerprint method will be of great value for efﬁcient proteomic analysis of complex I and its assembly
intermediates, as well as of other water soluble and membrane bound multiprotein complexes.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Respiratory complex I from Yarrowia lipolytica has been shown to
consist of at least 40 different subunits with a total mass of more than
940 kDa [1,2]. Fourteen of these subunits are also present in bacterial
complex I and are therefore called central subunits [3]. Seven of the
central subunits are highly hydrophobic integral membrane proteins
and are encoded by the mitochondrial genome. The remaining 26 or
more proteins are called accessory subunits of which several are also
integral membrane proteins. The proteomic analysis of such multi-
protein complexes that are common in bioenergetic systems by mass
spectrometry (MS) is a difﬁcult and laborious endeavor, in particular
when these complexes originate from cellular membranes. The mainde gel electrophoresis; FMN,
bead ion desorption; MALDI,
spectrometry; NADPH, nicoti-
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ll rights reserved.problems are the poor solubility of hydrophobic proteins in solvents
suitable for standard MS analysis and the lack of procedures for the
efﬁcient puriﬁcation of membrane proteins in a form suitable for MS.
Usually detergents are used to extract and purify membrane proteins,
but these are often incompatible with the established protein
ionization methods and therefore have to be removed from the
puriﬁed proteins e.g. by chromatography in organic solvents prior to
MS analysis [4–6].
Individual constituents of multiprotein complexes are often
identiﬁed by multidimensional liquid chromatography, tandem mass
spectrometry and data base searching, known as MudPIT method i.e.
by a shotgun MS/MS technique [7–10]. In another approach, subunits
are separated by two dimensional electrophoresis and then identiﬁed
byMALDI (matrix-assisted laser desorption/ionisation) and/orMALDI/
MSn mass spectrometry [11]. Both approaches are limited by the fact
that in most cases mass analysis of the subunits is incomplete and
proper identiﬁcation of the proteins depends on a reliable and
correctly annotated database of the proteome of the organism under
study. However splice variants, post-transcriptional and post-transla-
tional modiﬁcations cannot by predicted with certainty from the
genome sequence alone, and cDNA or expressed sequence tag
databases are not always available. Electrospray ionization (ESI)-MS
can be utilized to obtain a precise mass of the entire protein, but this
requires isolation of each subunit in pure form [12] posing additional
problems when membrane proteins are to be identiﬁed. Moreover, if
only a limited amount of a multiprotein complex is available and the
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biogenetic [13] or pathobiochemical studies [14], these methods
require too much material and are too time consuming. Therefore,
Western blot analysis is usually performed in these cases. However,
this approach is limited to known components of the multiprotein
complex and depends on the number and quality of the antibodies
available. Again, highly hydrophobic membrane proteins notoriously
cause problems because of their low antigenicity. Alternatively,
protein patterns can be compared following 2D electrophoresis, but
this is limited by the low precision and systematically unreliable mass
determination of electrophoretic techniques. Apart from problems in
the proteomic analysis of its components, the total mass and
composition of large assemblies of membrane proteins as a whole
cannot be analyzed by the established mass spectrometric methods.
Thus an alternative MS method avoiding these problems that is
applicable to large membrane bound protein complexes is desirable.
Our analysis of the subunit composition of mitochondrial complex
I from the strictly aerobic yeast Y. lipolytica [1] demonstrates that the
recently developed laser induced liquid bead ion desorption (LILBID)
mass spectrometry [15] can be applied conveniently to obtain subunit
mass ﬁngerprints of high complexity even from samples derived from
native electrophoresis. LILBID-MS closes the gap between conven-
tional mass spectrometry and rapid electrophoretic techniques or
Western analysis. In the LILBID method biomolecules are laser
desorbed from liquid microdroplets. For a complete mass analysis
only microlitres of aqueous solutions with the analyte at micromolar
concentration are required. The process of desorption/ablation is
induced by absorption of pulsed mid-IR laser radiation, where energy
is transferred into the solvent via a vibrational mode. Beyond a certain
intensity threshold in the MW/cm2 region, the droplets undergo an
explosive phase transition whereby preformed, charged biomolecules
escape into vacuum. The process of ion formation presumably occurs
by incomplete charge neutralization. Hence we assume a so-called
“lucky survivor” mechanism. Eventually about 1 out of 104 ions
existing in solution are available for mass analysis. The ionization
method is tolerant to various buffers and detergents in the solution,
and thus allows the detection of biomolecules under conditions which
closely mimic the native environment.
A challenge for LILBID-MS as well as for the established MS
methods is the detection and analysis of non-covalent complexes in a
near-native environment closely reﬂecting the situation relevant for
the biological processes under study. This can be achieved only if the
molecules of interest can be detected as gas phase ions derived
directly from a buffered aqueous solution as is the case for ESI- and
LILBID-MS that have a liquid target in common. To avoid dissociation
and fragmentation when studying large protein complexes compro-
mises in mass resolution have to be made even with state-of the-art
ESI-MS. Broadening of the mass peaks is inevitable due to the fact that
complete desolvation of a soluble macromolecular complex often
inevitably results in dissociation. Buffer and solvent adducts may
cause additional peak broadening and measured masses are sig-
niﬁcantly larger than those predicted from the amino sequence alone
[16]. Membrane proteins have to be solubilized in mild detergents. In
contrast to ESI-MS these additions are well tolerated by LILBID-MS.
Thus membrane protein complexes that are difﬁcult to detect in ESI-
MS are well suited for the analysis with LILBID-MS.
LILBID-MS is a “top-down method” that allows solving the
problem of composition analysis of a multiprotein complex and its
components in a single setup by the stepwise disintegration of the
complex via laser thermolysis. In the soft detection mode at very low
laser intensity detergents and lipids stay attached to the intact
complexes as evident from an increased width of the observed mass
peaks. While this limits the mass resolution for the analysis of intact
multiprotein complexes, it also provides information on their
interaction with low molecular compounds. At this stage the
quaternary structure is preserved as demonstrated previously forthe cytochrome bc1-complex of Paracoccus denitriﬁcans [17]. Upon
increasing the laser intensity the complex falls apart into its
constituent subunits which then can be analyzed separately.
We could assign all 40 known subunits to peaks in LILBID subunit
ﬁngerprint spectra of Y. lipolytica complex I by means of genome
analysis and comparison of the calculated protein masses with the
observed ionmasses. For the ﬁrst timewe show that LILBID analysis of
the multiprotein complex can be performed with electroeluates of a
band in a blue-native polyacrylamide gel making this method
applicable to a large number of biological problems that require the
analysis of small quantities of non-covalent multiprotein assemblies.
2. Materials and methods
2.1. Isolation of mitochondrial complex I
For large scale puriﬁcation of complex I, Y. lipolytica was grown at
27 °C in a 10-litre Biostat E fermenter (Braun, Melsungen, Germany).
About 200–250 g cells (wet mass) were used for preparation of
mitochondrial membranes as described earlier [18,19] with the
modiﬁcation that cells were broken up in a cooled glass bead mill
(Bernd Euler Biotechnology, Frankfurt, Germany). Complex I was
puriﬁed frommitochondrial membranes as described [19] with minor
modiﬁcations. The Ni-NTA columnwas equilibrated and washed with
55 mM imidazole and the ﬁnal size exclusion chromatography was
performed in 0.025% laurylmaltoside, 50 mM ammonium hydrogen
carbonate pH 7.2 to avoid interference of the LILBID measurements
with high concentrations of NaCl. Puriﬁed complex I was concentrated
and stored frozen in liquid nitrogen. Protein concentration was
determined according to standard protocols [20,21].
2.2. Electrophoresis
Blue-native PAGE and isolation of complex I from the gel by
electroelution were carried out according to Schägger [22,23].
Mitochondrial membranes were solubilized using a digitonin/protein
ratio of 3 (w/w) and separated on preparative blue-native gradient
gels (1.6 mm thick, 3.5%/3.5%–13%). After electroelution, buffer
exchange to 50 mM ammonium hydrogen carbonate and 0.05%
laurylmaltoside at pH 7.2 was carried out by repeated dilution/
concentration cycles using spin concentrators.
2.3. LILBID mass spectrometry
The detailed experimental setup for LILBID has been published
elsewhere [15]. Brieﬂy, microdroplets of solution (diameter 50 μm) are
produced on demand at 10 Hz by a piezo-driven droplet generator and
are introduced into vacuumvia differential pumping stages, where the
droplets are irradiated one by one by synchronized high-power
nanosecond mid-IR laser pulses. These are generated in a home-built
optical parametric oscillator (OPO) using LiNbO3 crystals pumped by a
Nd:Yag laser. The wavelength of the OPO radiation is tuned to the
absorption maximum of water at around 3 μm corresponding to an
excitation of its stretching vibrations. The preformed ions are laser
desorbed/ablated from the liquid phase into the gas phase at typical
laser pulse energies of several mJ/pulse, where they are mass-
analyzed in a home-built reﬂectron time-of-ﬂight (TOF) mass spectro-
meter. To detect very large biomolecules, a Daly-type ion detector is
used working up to m/z of 106. At low laser intensity LILBID desorbs
ions out of the liquid very gently (ultra-soft mode), enabling detection
of non-covalently assembled membrane protein complexes. In this
mode, the ions still carry on average 10% of detergent molecules of the
initial micelle. At slightly higher laser intensities (semi-soft mode), the
complexes also lose the residual detergent molecules and thermolyze
to a variable degree into subcomplexes and subunits. Finally, at
elevated laser intensity all non-covalent interactions are broken and
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mass spectrum. Depending on the laser power applied, this method
therefore allows both the determination of the total mass of a
multiprotein complex, althoughwith the alluded compromise in mass
accuracy and of the masses of its individual constituents even if they
are highly hydrophobic proteins.
2.4. Calibration of LILBID spectra
LILBID mass spectra were calibrated using spectra of proteins of
known masses recorded under identical experimental conditions
immediately after measurement of the analyte. Proteins used for
calibration of the subunit spectra were hen egg lysozyme (14.3 kDa)
and bovine serum albumin (67 kDa). Using the known masses of the
subunits as an internal standard, mixed spectra containing both the
intact complex I and its subunits allowed calibration of the high mass
region of intact membrane complex. Hen egg lysozymewas purchased
from SIGMA (Sigma-Aldrich, Deisenhofen) and bovine serum albumin
from Biomol (Hamburg). The proteins were dissolved in water.
The signal intensities are obtained in arbitrary units as they are
dependent on the speciﬁc settings of the instrument that were
optimized each time for a given sample and the desired mass range.
Therefore, peak heights can only be compared in the same spectrum.
2.5. RT-PCR
Isolation of poly A+RNA from haploid Y. lipolytica strain GB10
(MatB, lys11-23, leu2-270, ura3-302, xpr2-322, NUGM-HT-2, NDH2i)
was carried out using the QuickPrep mRNA Puriﬁcation Kit (Amer-
sham Biosciences). Following treatment with RNAse free DNAse
(Invitrogen), reverse transcription of 100 ng poly A+RNA, primed by
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT, was carried out
using superscript III (Invitrogen). PCR ampliﬁcation of cDNA products
using Phusion polymerase (NEB) was done using GGCCACGCGTCGAC-
TAGTAC as common 3′ primer, in combinationwith the following gene
speciﬁc 5′ primers: NUJM, GTGATCAAGCACGGAACGAC; NUPM,
GTAAGCCTTTGAGCATCAGC; NB4M, GGCTCTGTACCGACAGTTCC;Fig. 1. LILBID mass spectra of complete complex I. Puriﬁed complex I (C I) from Y. lipolytic
desorption conditions. The observedm/z peaks corresponded to a mass of about 980 kDa. Ver
946,525 Da. At higher laser intensities the weakly bound St1 subunit was observed as a sepNUNM, CATAATCCAGTATCGCGGTC; NI2M, GCCGAAGCGTACATA-
CAAGG; NI8M, GTGCTACAAGGAAAGGTTCG; NB2M, CTTTAGTCGGTG-
CATCACAG. PCR products were isolated from 1% agarose gels using the
Nucleo Spin Extract II kit (Macherey and Nagel) and directly
sequenced using a GA 310 genetic analyzer and the Big Dye Terminator
v1.1 Cycle Sequencing kit (Applied Biosystems).
3. Results and discussion
3.1. Total mass of complex I
To obtain an estimate of the total mass of mitochondrial complex I
from Y. lipolyticawe ﬁrst applied ultra-soft desorption conditions that
had been shown to keep large multiprotein-complexes intact [17].
Under these conditions the LILBID spectra of the complex I samples
gave seven prominent peaks of themultiprotein complex carrying 2 to
8 net negative charges (Fig. 1, top panel). Their m/z values
corresponded to a molecular mass of about 980 kDa. For a detergent
solubilized membrane protein like complex I, the total mass results
from its protein constituents, prosthetic groups, bound lipids and
residual detergent molecules. We have shown previously [17] that the
average mass of the residual detergent molecules and lipids can be
approximated as the difference between the left edge and the
maximum of the mass peaks, which in the case of complex I would
correspond to about 40 kDa. This ﬁts rather well with the total mass of
Y. lipolytica complex I of 946,525 Da that can be calculated by
assuming that it contains one copy of each of the known 40 subunits
(Table 1) and by adding the masses of one FMN, one NADPH [24], six
tetranuclear (Fe4S4) and 2 binuclear (Fe2S2) iron sulfur-clusters and
two fatty acid loaded phosphopantethein groups (see below).
However, the actual total mass of complex I is likely to be somewhat
larger due to tightly bound lipids and post-translationalmodiﬁcations.
Moreover, we cannot fully exclude that complex I from Y. lipolytica
contains a small number of additional subunits that could not yet be
identiﬁed. For orthology relationships between known complex I
subunits from Y. lipolytica and various other model organisms see
Supplementary Table S1.a was subjected to LILBID mass spectrometry under ultra-soft (top) and soft (bottom)
tical lines indicate them/z value calculated from the predicted total mass of complex I of
arate signal at about 35,000 m/z.
Table 1
Subunits of Yarrowia lipolytica complex I
Subunit Mrb Prosth. groups LILBID Chargec
No Y. lipol. B. taurus TMDsa Precursor Mature Type Mr m/z PWd Anion Cation
Central nuclear coded
1 NUAM 75-kDa 0/0 78,997.2 75,198.7 Fe10S10 879.2 75.2 1.4 + −18
2 NUBM 51-kDa 0/0 53,755.6 51,660.0 Fe4S4 351.7 51.7 0.7 + 0
FMN 456.4
3 NUCM 49-kDa 0/0 52,430.0 49,945.0 – – 49.9 0.5 + −16
4 NUGMc 30-kDa 0/0 33,594.9 30,476.2 – – 30.5 0.5 + −5
5 NUHM 24-kDa 0/0 27,216.4 24,068.6 Fe2S2 175.8 24.3 0.3 + −6
6 NUIM TYKY 1/0 25,651.3 22,321.3 Fe8S8 703.4 22.3 0.3 + −8
7 NUKM PSST 0/0 23,430.2 20,425.6 Fe4S4 351.7 20.2 0.3 + +7
Sum: 274,095.4 2918.2
Central mitochondrially coded
8 NU1M ND1 10/10 38,347.7 38.3 0.7 + −5
9 NU2M ND2 14/13 53,331.9 53.2 0.7 + +2
10 NU3M ND3 3/3 14,470.5 14.5 0.2 + +1
11 NU4M ND4 13/12 54,481.2 54.4 1.2 + +4
12 NU5M ND5 18/16 73,705.4 73.5 0.5 + +2
13 NU6M ND6 5/5 20,758.3 20.7 0.3 + −4
14 NULM ND4L 2/2 9810.9 9.9 0.1 + + +1
Sum: 264,905.9
Accessory nuclear coded
15 NUEM 39-kDa 0/0 42,705.8 40,434.0 NADPH 745.4 40.4 0.3 + +1
16 ST1 n.p. 0/0 34,621.2 34.5 0.3 + −2
17 NESM ESSS 1/0 28,435.9 23,438.1 23.4 0.2 + 0
18 NUJM B14.7 2/2 20,827.6 20.7 0.3 + +6
19 NUZM n.p. 0/0 19,749.6 19.7 0.2 + +6
20 NUPM PGIV 0/0 19,327.2 19,196.0 19.2 0.2 + 0
21 NUXM n.p. 3/2 18,565.2 18.5 0.1 + +6
22 N7BM B17.2 0/0 16,153.2 16.1 0.2 + +5
23 NUYM AQDQ 0/0 18,671.1 15,939.9 15.9 0.2 + +6
24 NUFM B13 0/0 16,635.0 15,572.7 15.6 0.1 + −6
25 NIAM ASHI 1/1 17,306.6 14,642.3 14.7 0.1 + −6
26 NB4M B14 0/0 14,757.8 14,626.7 14.6 0.1 + + +4
27 NUMM 13-kDa 0/0 14,257.0 14.4 0.1 + +3
28 NB6M B16.6 1/1 14,091.4 13,960.2 13.9 0.1 + +6
29 NUNM n.p. 1/1 15,794.8 13,300.9 13.4 0.1 + 0
30 NI2M B22 0/0 12,879.8 12.8 0.1 + +10
31 NB8M B18 0/0 1119.0 11,067.8 11.1 0.1 + +2
32 NIDM PDSW 0/0 11,021.3 10,890.1 10.9 0.1 + −2
33 NB5M B15 1/1 10,478.9 10,347.7 10.3 0.1 + + +6
34 ACPM2 SDAP 0/0 14,428.5 9526.7 PP-HDe 564.7 10.1 0.1 + −13
35 NIPM PFFD 0/0 10,018.6 10.1 0.1 + +3
36 NIMM MWFE 1/1 9793.3 9662.1 9.6 0.1 + +2
37 ACPM1 SDAP 0/0 12,040.6 9071.2 PP-HDe 564.7 9.6 0.1 + −10
38 NI8M B8 0/0 9604.0 9472.8 9.5 0.1 + +6
39 NI9M B9 1/1 7836.0 7704.8 7.7 0.1 + + +6
40 NB2M B12 1/1 6935.9 6804.7 6.8 0.1 + + +5
Sum: 402730.9 1874.8
Nomenclature for subunits NESM (formerly called NUWM), NB5M (formerly called NUVM) and NUNM (newly identiﬁed, with no signiﬁcant homology to proteins from other
organisms) was introduced in [2].
a Predicted using servers http://www.enzim.hu/hmmtop/ and http://www.cbs.dtu.dk/services/TMHMM/.
b Average molecular masses of mature proteins, calculated using the “compute pI/Mw” tool at http://www.expasy.ch/tools/pi_tool.html.
c Net charge at pH 7.0 predicted from the sequence using the program ISOELECTRIC from the Husar program package (http://genius.embnet.dkfz-heidelberg.de/). including hexa-
histidine tag and hexa-alanine spacer [19].
d Approximate half height peak width in kDa.
e Phosphopantetheine-hydroxy-tetradecanoate.
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gained further support from an observation made at slightly higher
laser intensities. Under these conditions a sharp and pronounced peak
at 35 kDa appeared (Fig. 1 bottom panel). This mass ﬁts that of the
recently identiﬁed sulfurtransferase subunit St1 which is known to be
only loosely attached to complex I [25]. We therefore conclude that
from a considerable number of complexes this subunit has been
dissociated due to higher laser intensity i.e. higher energy transfer. In
fact, loss of this mass from a fraction of the complex I particles was
also evident from a shift of the left edge of the peaks assigned to the
total complex towards lower masses by about the value expected for
dissociation of a 35 kDa protein, together with a broadening of the
peaks (Fig. 1). The peak maxima however remained unchangedbecause the majority of the complexes apparently did not lose the St1
protein.
Smaller peaks observed at 280,000 and 395,000 m/z which were
more pronounced at higher laser energies (Fig. 1, lower panel) are
probably due to the dissociation of complex I into subcomplexes. Such
subcomplexes have been obtained biochemically using chaotropic
agents [1,26,27].
3.2. LILBID subunit ﬁngerprint spectra of complex I and subunit
assignment
When we applied laser pulses with high energy to dissociate
complex I into its subunits we obtained LILBID subunit ﬁngerprint
Fig. 2. Overview LILBID mass spectra of individual subunits of complex I. At higher laser
intensities complex I dissociates into its subunits by laser induced thermolysis. The
predicted positions of hydrophobic subunits containing at least one predicted
transmembrane segment (hydrophobic) and of hydrophilic subunits (hydrophilic) are
marked by stick spectra at the bottom.
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over a mass range from 6 to 75 kDa in a single LILBID spectrum. Most
notably, the numerous integral membrane proteins with at least one
predicted transmembrane α-helix (Fig. 2, see Table 1) were as readily
detectable as the hydrophilic subunits of complex I. Combining 4
different mass spectra, recorded with optimized detection parameters
for a certain mass region we derived a mass spectrum for the entireFig. 3. Assignment of peaks to individual subunits of complex I. The 40 known subunits of
predictedmasses that are indicated by the stick spectra (Table 1). The highly hydrophobic, mi
in green. Doubly charged species are labeled in blue. Inserts show segments of spectra re
subunits. Unidentiﬁed peaks that were consistently observed in different samples are markmass range. This range was segmented into three expanded sections
displayed in Fig. 3, eachwith separatemass scaling for optimal display.
Based on our previous detailed proteomic analysis of the complex I
sample [1], these spectra allowed us to assign the observed mass
peaks to the subunits on the basis of the masses predicted by their
gene sequences and post-translational processing sites. Of the seven
nuclear coded central subunits of complex I (peaks 1–7) six could be
readily detected. Only peak 6 at 22.3 kDa assigned to the TYKY subunit
was hardly seen under standard conditions. It was, however, clearly
evident when the sample was adjusted to pH 9.0. Five of these seven
central subunits are iron–sulfur proteins and in addition, the 51-kDa
subunit contains a non-covalently bound FMN. In the case of the 51-
kDa and the PSST subunits, both of which contain a single tetranuclear
iron–sulfur cluster, the ion masses found in the LILBID spectra
corresponded to the apoproteins. This indicated that the laser pulse
at elevated intensity had at least partially denatured the subunits,
resulting in the loss of the prosthetic groups. In contrast, the 75-kDa
subunit carrying two tetranuclear and one binuclear iron–sulfur
cluster, the 24-kDa subunit carrying a single binuclear iron–sulfur
cluster, and the TYKY subunit, carrying two tetranuclear clusters,
exhibited rather broad peaks with their left edges at the predicted
mass of the mature apoprotein. We conclude that these two subunits
seemed to have retained some of their prosthetic groups upon
desorption by the laser pulse.
Six of the seven central, mitochondrially encoded and highly
hydrophobic subunits could also be assigned immediately to peaks
recorded in the LILBID mass spectrum under standard conditions
(peaks 8–14) However, peak 13 overlapped with the one of subunit 18.
The peak for ND5 at 73.5 kDa (12 in Fig. 3.) which corresponds to the
largest of these hydrophobic subunits was rather small, but could beY. lipolytica complex I were assigned to peaks in the LILBID spectra according to their
tochondrially encoded subunits are labeled in red and other integral membrane proteins
corded at special conditions as indicated which were necessary to detect some of the
ed by an asterisk.
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peak for subunit ND3 (10 in Fig. 3.) was more clearly seen in the LILBID
spectra measured for cations.
Of the 26 known accessory subunits [1,2,25] of Y. lipolytica
complex I in the mass range from 6.8 to 40 kDa, 20 could be assigned
in a straightforward way to mass peaks in the LILBID spectra. The
detection of peak 15 for the largest accessory subunit NUEM at
40.4 kDa indicated that non-covalently bound NADPH[24] was lost
upon dissociation of the subunit from the complex. By contrast, the
covalently bound phosphopantethein groups of the two acyl carrier
proteins termed subunits ACPM1 and ACPM2 [28] clearly remained
with the protein according to the LILBID mass spectrum (peaks 37 and
34). However, this means that three pairs of subunits, namely NIMM
and ACPM1 (peaks 36, 37), ACPM2 and NIPM (peaks 34, 35) and ND6
and NUJM (peaks 13, 18) have very similar masses and could not be
separated as individual peaks. As indicated in Table 1 and Figs. 3 and 5,
we assumed that the initiator methionine of NI8M is removed,
resulting in a molecular mass of 9.5 kDa (peak 38). The observed
masses for the two acyl carrier proteins were consistent with the
assumption that their phosphopantethein groups were loaded with
hydroxy-tetradecanoate, as previously reported for bovine complex I
[12].
Initially we could not assign the remaining seven accessory
subunits NUJM, NUPM, NUNM, NB4M, NI2M, NI8M and NB2M to
peaks in the LILBID spectrum. These proteins had been identiﬁed
previously by tryptic in-gel digests andMALDI-TOFmass spectrometry
[1], but the molecular masses of the complete proteins had only been
calculated from the genome sequence based on predicted splice sites.
When we carefully re-inspected the sequence data deposited at the
Génolevures: Genomic Exploration of the Hemiascomycete Yeastswebsite
(http://cbi.labri.fr/Genolevures/) and searched for potential splice
donor and acceptor sites, we realized that all seven sequences had to
be revised. This yielded differentmasses for the calculated proteins for
which corresponding ion peaks could then be identiﬁed in the LILBID
spectrum of complex I. The new splice patterns (Table 2, also see
Supplementary data S2) were also supported by comparison of the
derived gene products with predicted proteins from other yeast
species using the WU-BLAST2 tool at http://www.ebi.ac.uk. We
conﬁrmed the corrected splicing patterns by RT-PCR of the corre-
sponding mRNAs (not shown). Moreover, for the NUPM, NB4M and
NB2M subunits, re-examination of the MALDI-TOF spectra from our
previously published identiﬁcation of these subunits [1] provided
experimental support for the sequence revisions. Peaks corresponding
to the masses of one or two additional tryptic peptides predicted from
the revised sequences were found in these spectra (Table 2). In all
seven cases, the corresponding genes nowwere found to consist of two
exons. In the NUJM and the NUPM genes, the intron disrupts the ATG
start codon. For the NB4M gene, the presence of a second small exonTable 2
Subunits with corrected splicing patterns
Subunit Accession
numbera
Mrb Experimental evidencec
MALDI RT-PCR
NUJM YALI0E11891g 20,827.6 +
NUPM YALI0A206809g 19,196.0 EAAAHWVPFEDK +
NB4M YALI0A01419g 14,626.7 FPEEDDIQGR, HQPSNFVDK +
NUNM YALI0F14003g 13,300.9 +
NI2M YALI0D07216g 12,879.8 +
NI8M YALI0C03201g 9604.0 +
NB2M YALI0D10274g 6804.7 DPWAR +
a Within theY. lipolytica genomeproject, as deposited at http://cbi.labri.fr/Genolevures/.
b Average molecular masses of mature proteins, calculated using the “compute pI/
Mw” tool at http://www.expasy.ch/tools/pi_tool.html.
c MALDI: tryptic peptides speciﬁc for the revised protein sequence detected by
MALDI-TOF MS. RT-PCR: mRNA sequence conﬁrmed by direct sequencing of RT-PCR
product.had been postulated previously [1]. In this work, we show that it
encodes three amino acids only. For all seven gene loci, revised genome
annotations were submitted at http://cbi.labri.fr/Genolevures/. The
correct splicing patterns and predicted protein products are also given
as Supplementary data S2.
In summary, the LILBID approach together with data from mass
ﬁngerprinting and sequence analysis allowed us to spot and correct
several errors in the genome-derived protein sequences of complex I
subunits, and we could assign mass peaks for all 40 subunits of the
mitochondrial complex I (Table 1). In most cases, the difference
between the calculated and the observed mass was less than 100 Da
for each protein. There are two accessory subunits with a mass of
9.6 kDa (NIMM and ACPM1), two proteins with a mass of 10.1 kDa
(ACPM2 and NIPM), two proteins with a mass of 14.4 kDa (ND3 and
NUMM) and two proteins with a mass of 20.8 kDa (ND6 and NUJM)
resulting in pronounced combined peaks at the corresponding
positions in the LILBID spectra. In four cases (51 kDa, 49 kDa, 24 kDa
and ND2), peaks corresponding to double-charged species were
observed. Some additional unassigned peaks were consistently
observed in the spectra which probably result from contaminations
in the complex I sample. Pronounced peaks at 13.2 kDa and 7.8 kDa
may reﬂect unidentiﬁed additional subunits of Y. lipolytica complex I
or partial post-translational modiﬁcation of another subunit.
Assuming that all known subunits are present at a 1:1 stoichio-
metry the total mass of complex I would amount to 946,525 Da
matching well the mass of the intact complex determined by LILBID
mass spectrometry (see above). Yet, the peak sizes for the individual
subunits varied considerably. For some subunits the observed peaks
were rather small, but as these signals were observed consistently in
different samples, they clearly corresponded to a component of
complex I. Marked variations in intensity are not surprising, because
during LILBID desorption the laser pulse thermolyzes themultiprotein
complex, but does not actively ionize the proteins. Rather, the
qualitative charging model for LILBID assumes for the ion desorption
process an incomplete charge neutralization of the preformed ions
existing in solution. Thus the propensity to form anions tends to
depend on the original charge of the subunits and peaks of higher
intensity can be expected for acidic subunits while basic subunits
should give weaker signals. A comparison of the theoretical charge at
pH 7 for the fully solvated subunits of complex I (Table 1, right column)
with the observed peak intensities (Fig. 3) shows that overall this rule
holds for the LILBID spectrum of complex I. However, there are few
exceptions like peaks 9 and 20 which should be weak but are quite
strong, and peak 1 which should be strong but is very weak. A
straightforward explanation would be that several of the subunits do
not fully expose all charged residues as implicated in the calculations
for theoretical charge. Further detailed studies using different pH
values and denaturing agents to pretreat the samples will be
necessary to fully understand the relationship between theoretical
charge and peak intensity in LILBID mass spectra. It is important to
note however that the variations in peak intensity seemed to correlate
not at all with the hydrophobicity of the proteins.
Typically, 5 μl of a buffered protein sample containing 1–2 mg/ml
corresponding to 5–10 pmol of complex I was needed to obtain mass
spectra. Thus LILBID mass spectrometry is sensitive enough to be used
as an analytical tool to obtain subunit mass ﬁngerprints even of large
multi-subunit protein complexes or of protein mixtures obtained, for
example, by immune-precipitation.
3.3. LILBID subunit ﬁngerprint spectra of BN-PAGE electroeluates
In combination with native electrophoresis, LILBID ﬁngerprint
mass spectrometry would provide a powerful tool to study assembly
intermediates and transient forms even of membrane bound multi-
protein complexes. Initially however, we had problems to obtain
acceptable LILBID spectra when we analyzed solutions directly
Fig. 4. LILBID mass spectra of complete complex I eluted from a BN-PAGE gel. Complex I from Y. lipolytica was eluted from a blue-native gel (insert) and subjected to LILBID mass
spectrometry under soft desorption conditions. The spectrum from BN-PAGE (bottom) is compared to the spectrum obtained with chromatographically puriﬁed complex I (top and
Fig. 1). The observed m/z peaks of the complex recovered from blue-native gel electrophoresis corresponded to a mass of about 1010 kDa.
1390 N. Morgner et al. / Biochimica et Biophysica Acta 1777 (2008) 1384–1391electroeluted from BN-PAGE. This was due to the large number of
negatively charged Coomassie dye molecules that bind tightly to the
protein. Preincubating the eluted protein overnight in 3% dodecyl-
maltoside removed most of the bound dye. As shown in Fig. 4, LILBIDFig. 5. LILBID mass spectra of individual subunits of complex I eluted from BN-PAGE. Comple
subjected to LILBIDmass spectrometry under disintegrating desorption conditions. Themass
1). Three prominent contaminating proteins were assigned as subunits of F1FO-ATPase: OSCspectra of the entire complex could then be obtained at comparable
quality from a BN-PAGE band of complex I (Fig. 4, insert). Subunit St1
was not seen in the BN-PAGE derived samples under soft desorption
conditions, as this protein is already stripped off the complex duringx I from Y. lipolyticawas eluted from a blue-native gel of mitochondrial membranes and
es of the 40 known subunits of Y. lipolytica complex I are indicated by vertical lines (Table
P, OSCP subunit; α, subunit α; β, subunit β.
1391N. Morgner et al. / Biochimica et Biophysica Acta 1777 (2008) 1384–1391electrophoresis [25]. As evident from the spectra, the maxima of the
peaks were now shifted to higher masses corresponding to 1010 kDa
relative to the spectra of complex I without the St1 subunit. Thus,
complex I now carried more lipids and/or detergent and possibly also
some residual dye molecules that were bound to the electroeluted
samples. When higher laser intensities were applied to obtain LILBID
spectra of the individual subunits, almost all subunits of complex I
could be detected in the sample eluted from BN-gels, although the
peaks tended to be smaller (Fig. 5). Subunit St1 (peak 16) was not
detected, as it had been stripped off the complex during BN-PAGE.
Another large membrane bound multiprotein complex, the F1FO-
ATPase, is known to contaminate the complex I band in BN-PAGE. In
fact, prominent peaks in the LILBID spectra of the gel eluates at 50.6
and 55.4 kDa were observed matching the expected masses of the α
and β subunits. Another prominent peak at 20.5m/z could correspond
to the OSCP subunit of F1FO-ATPase.
4. Conclusion and outlook
We determined the total mass of mitochondrial complex I from Y.
lipolytica by LILBIDmass spectrometry and could assign all 40 proteins
to peaks in LIBID mass spectra. Our analysis resulted in the correction
of seven errors in the genome-derived protein sequences of complex I
subunits. This shows that LILBID subunit ﬁngerprint mass spectro-
metry is a robust and convenient method to analyze complex protein
mixtures, in particular when combined with genomic analysis. Most
notably, even extremely hydrophobic proteins like the mitochond-
rially coded subunits of complex I can be detected easily by LILBID
spectroscopy. It should be stressed however that the ion intensities
were not proportional to their stoichiometry in the complex, since
charge state, structure and environment of the complex in solution
inﬂuence the detection/transfer function. The method is sensitive
enough for analytical purposes and even eluates from native gels can
be analyzed. Thus, the LILBID subunit mass ﬁngerprint method will be
of great value for efﬁcient proteomic analysis of water soluble and
membrane bound multiprotein complexes and their assembly
intermediates.
To increase the mass resolution signiﬁcantly, we are currently in
the process of coupling the LILBID ion source to a high resolutionmass
spectrometer. This will allow precise determination of the masses of
individual subunits and the analysis of post-translational modiﬁca-
tions and interconversions.
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